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Ó 2015 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology xxx (2015) xxx-xxx Standard treatment for many gynecologic, genitourinary, and gastrointestinal malignancies consists of concurrent chemoradiotherapy, with or without adjuvant chemotherapy. Hematologic toxicity is an important limiting factor in the treatment of pelvic malignancies, as multiple studies have correlated reduced chemotherapy intensity with poorer treatment outcomes [1] [2] [3] [4] .
It is well-documented that radiation causes significant bone marrow (BM) injury, contributing to low peripheral blood cell counts and poor tolerance to chemotherapy [5] [6] [7] . Correspondingly, numerous studies have found that increased pelvic BM radiation dose is associated with increased hematologic toxicity, suggesting that techniques to reduce BM irradiation may be effective in improving chemotherapy delivery [8] [9] [10] [11] [12] [13] [14] [15] . For example, intensity modulated radiation therapy (IMRT) is a modern technology that can reduce BM dose compared to conventional techniques, without compromising target coverage [16] . Much evidence suggests that IMRT is effective in reducing toxicity of chemoradiotherapy, though prospective randomized trials are lacking [17] .
It has long been known that human BM is comprised of both hematopoietically active (''red") and inactive fatty (''yellow") subregions. Recent studies have indicated that radiation-induced BM toxicity appears to depend on dose specifically to metabolically active BM subregions [12, 15] . Functional and quantitative imaging techniques have increasingly been used to identify active BM for image-guided BM-sparing IMRT (IG-BMS-IMRT) [12, 15, [18] [19] [20] pelvic BM subregions, (2) to quantify individual variation in the relative location of active BM identified by FDG-PET/CT and FLT-PET/CT, and (3) to compare the distribution of FDG-defined versus FLT-defined active BM, and determine which is likely to be superior for IG-BMS-IMRT planning.
Materials and methods

Population and sampling methods
The University of California San Diego (UCSD) Institutional Review Board approved this study, and eligible patients provided written informed consent. We complied with the Health Insurance Portability and Accountability Act. We included cervical cancer patients enrolled on one of three prospective clinical trials performed at UCSD. The first trial included 12 cervical cancer patients treated on a pilot study of IG-BMS-IMRT [20] . The second trial included 25 cervical cancer patients treated at UCSD on a multicenter phase II clinical trial of IMRT with concurrent cisplatin (clinicaltrials.gov identifier: NCT01554397). The third trial included 16 cervical cancer patients treated with IMRT and concurrent cisplatin and escalating doses of gemcitabine at UCSD on a phase I clinical trial (clinicaltrials.gov identifier: NCT01554410).
Eligible patients had International Federation of Gynecology and Obstetrics stage I-IVA histologically proven cervical carcinoma, with pre-treatment FDG-PET/CT and/or FLT-PET/CT, and no history of prior malignancy in the preceding three years (excluding nonmelanomatous skin cancer), no history of prior pelvic radiotherapy or chemotherapy, and no history of hip, pelvic, or lumbosacral prosthesis or implanted device. Of 53 potentially eligible patients, 9 did not undergo PET/CT and 3 had imaging data that were unrecoverable, leaving 41 patients for analysis. Pre-treatment FDG-PET/ CT and/or FLT-PET/CT were used for all analyzable patients.
PET/CT imaging
Of the 41 subjects included in this study, 25 underwent pretreatment FDG-PET/CT only, 7 underwent pre-treatment FLT-PET/ CT only, and 9 underwent both pre-treatment FDG-PET/CT and FLT-PET/CT. FLT-PET/CT scans were funded by an NIH grant (R21CA162718-01) whereas FDG-PET/CT scans were funded by patients' insurers. Some patients refused to consent for the FLT study and some patients' insurers refused to cover FDG-PET/CT scans, which is why some patients had one or the other scan but not both. The median time between FDG-PET/CT and FLT-PET/CT in patients who had both scans was 29 days (range: 6-94).
All FLT-PET/CT and FDG-PET/CT scans were performed using a GE Medical Systems Discovery STE or LightSpeed model, and 48 of the 50 total PET scans were performed at UCSD with a Attenuation correction was performed with a low dose CT acquisition. All PET corresponding CT images had a 2.5 mm interslice distance except for 2 patients with a 3.75 mm interslice distance, 1 with a 4.25 mm interslice distance, and 1 with a 5 mm interslice distance. The planning CTs for all patients had a 2.5 mm interslice distance and were performed using either GE Medical Systems Discovery STE or LightSpeed models.
Image registration and segmentation methods
For patients with both FDG-PET and FLT-PET scans, the corresponding CT image was deformably co-registered to the patient's planning (simulation) CT using Velocity AI software (Velocity Medical Solutions, Atlanta, GA), only registering between the superior border of the L5 vertebral body and the inferior border of the ischial tuberosities. The co-registered PET images were then resampled to match the voxel dimensions of the planning CT.
Pelvic BM was contoured on the planning CT and defined as the L5 vertebral body, os coxae, entire sacrum, coccyx, and proximal femora cut at the level defined by the most caudal point of the ischial tuberosities. The active BM subvolume was defined as a subset of the pelvic BM with standardized uptake values corrected for body weight (SUV) above a designated threshold. Three SUV thresholds were chosen for each PET image such that they defined an active BM subvolume comprising 40%, 50%, and 60% of the total pelvic BM volume in order to compare volumes of equal size. Previous studies using PET images to identify active BM have used SUV above mean pelvic SUV to define active BM [12, 15, 20] . This choice is arbitrary and further research is needed to determine an optimal cutoff. We chose 40%, 50%, and 60% of the total pelvic BM volume because we have found that using SUV above the mean pelvic SUV usually produces a volume within this range. Although the choice of active BM cutoff is also somewhat arbitrary, our goal was to experiment within a range of BM volumes that were large enough to be clinically meaningful, but small enough to be feasible to spare. At extreme values of the relative subvolume, the analysis becomes trivial because the subvolume is either too small to be clinically meaningful, or too large to have a meaningful difference between the subvolume and the total volume. In addition, by making the active BM a percentage of the total pelvic volume, the comparison of FDG and FLT is more intuitive because the Dice coefficient can be thought of as a percent overlap when the size of the volumes compared is exactly the same.
The Dice similarity coefficient, or ''Dice coefficient", was computed for each of the three active BM subvolumes created from both FDG and FLT scans for each patient. The Dice coefficient equals the percent overlap of two volumes (when they are of equal size) and is a measure of the similarity in volumes defined by FDG-PET and FLT-PET. Perfect overlap yields a Dice coefficient value of 100%, whereas no overlap yields value of 0%. It is calculated as follows:
where N(A\B) is the number of elements that intersect between set A and set B, N(A) is the number of elements in set A, and N(B) is the number of elements in set B [22] . We selected one planning CT as a canonical template from a patient with both FDG-PET and FLT-PET scans, whose pelvic BM volume was closest to the median pelvic BM volume of all patients in the study. Average images were created by deformably coregistering the corresponding CT images to the canonical template and resampling the co-registered PET images to match the template voxel dimensions. The deformed and resampled images were normalized and then averaged to create two sets of average FDG-PET and FLT-PET images: one for all of the patients that had both scans, and another for all available patients. We calculated Dice coefficients to quantify the similarity in the active BM defined by these average images for 40%, 50%, and 60% volume thresholds. To quantify individual variability in the location of active BM, we also calculated Dice coefficients for each individual's active BM subvolumes using the co-registered deformed images compared with the subvolumes produced by the average image using all the available patients.
Method for comparing FDG and FLT active BM distributions
We implemented a region-growing algorithm to quantify the differences in the distribution of active BM defined by FDG-PET and FLT-PET. The initial starting point/seed point of the regiongrowing algorithm was the entire active BM subvolume, then the active BM volume was expanded in an iterative fashion such that during each iteration, non-active voxels directly adjacent to the active BM became part of the updated active BM volume for the next iteration. This process repeated until the active BM volume expanded to fill the total pelvic BM volume. The region-growing algorithm considered each active voxel to have 26 neighbors (6 sharing a face, 12 sharing an edge, and 8 sharing a vertex) into which the volume could potentially expand [23] . Fewer iterations indicate a more dispersed active BM subvolume, which is theoretically more difficult to spare during conformal radiation therapy (such as IMRT). This concept is illustrated schematically in Fig. 1 , showing two hypothetical pelvises with different active BM distributions represented by red pixels. Qualitatively, Pelvis 1 has an active BM subregion that is more diffuse and difficult to spare than Pelvis 2. This is quantitatively reflected in the region-growing results: it takes one iteration to completely expand the active BM subregion in Pelvis 1, but three iterations to completely expand the active BM subregion in Pelvis 2. Using this method we were able to quantitatively and reproducibly compare differences in three-dimensional active BM volume distributions. Fig. 2 illustrates the region-growing algorithm performed on the average FLT image for all patients in our sample, with successive iterations labeled and colored progressively from red to yellow.
Statistical methods
Confidence intervals were estimated using the t-distribution. Continuous measures were compared within subgroups using analysis of variance. Categorical measures were compared within subgroups using chi-square tests. All statistical tests were twosided with p < 0.05 indicating statistical significance. 
Results
Sample description
Sample characteristics are presented in Table 1 . Notably, the mean age (p = 0.41) and pelvic BM volumes (p = 0.07) were not significantly different in patients with FDG-PET only, versus FLT-PET only, versus patients co-imaged with FDG-PET and FLT-PET. Race, stage, histology, and grade were also not significantly different across subgroups.
Agreement between FLT and FDG active BM subvolumes
For patients with both modalities, the mean Dice coefficients ±95% confidence interval for the 40%, 50%, and 60% subvolumes were 0.683 ± 0.029 (0.606-0.725), 0.732 ± 0.021 (0.676-0.768), and 0.781 ± 0.014 (0.745-0.807) respectively (minimum-maximum). Dice coefficients comparing the 40%, 50%, and 60% active BM contours from average images using only patients with both modalities were 0.758, 0.796, and 0.828 respectively, whereas Dice coefficients of subvolumes from average images using all of the patients were 0.773, 0.805, and 0.839 respectively. The mean SUVs ± 95% confidence interval for all of the FDG scans were 1.04 ± 0.096, 0.95 ± 0.086, and 0.88 ± 0.078 for the 40%, 50%, and 60% thresholds respectively. The same data for the FLT scans were 2.93 ± 0.46, 2.47 ± 0.38, 2.08 ± 0.31 respectively. However, as others have noted, one should exercise caution when comparing SUVs among different patients [24] . In addition, two of the FDG scans for patients with both modalities were done at non-UCSD facilities and thus we cannot assure cross calibration. We did not observe any significant correlations between Dice coefficients and activity of FLT or FDG delivered or time between injection and image acquisition.
Comparison of FDG and FLT variability
We further calculated Dice coefficients between the individual FDG-based active BM volume and the average FDG-based active BM volume, for all 34 patients imaged with FDG-PET ( Table 2) . We repeated the same calculation for all 16 patients imaged with FLT-PET ( Table 2 ). These coefficients quantify the individual variability in the location of active BM. Fig. 3 shows histograms of the FDG-PET and FLT-PET Dice coefficients comparing individual vs. average image active BM volumes, according to the threshold used to define the subvolume. Fig. 4 shows the representative (average) active BM contours using all the patients for the three thresholds.
Comparison of FDG and FLT distributions
The mean differences in iterations (FLT iterations minus FDG iterations) using the region-growing algorithm for the 40%, 50%, 60% subvolumes were 11.3 (6.8, 0.001, 1-23), 14.2 (5.9, <0.001, 7-26), and 14.0 (7.1, <0.001, 2-26) respectively (sample standard deviation, p-value, minimum-maximum). The respective iteration differences for the subvolumes from the average image using patients with both modalities were 1, 3, and 6, whereas the same data for the average image using all patients are 2, 2, and 4 respectively. These findings indicate a significantly higher number of iterations for FLT-PET, suggesting that, for the same size volume, the FLT-defined active BM is more concentrated, less diffuse, and thus easier to spare using conformal radiotherapy planning techniques such as IMRT.
Discussion
BM-sparing IMRT is a promising treatment that may reduce hematologic toxicity and permit better tolerance to concurrent, adjuvant, and/or salvage chemotherapy for a variety of pelvic malignancies. Although multiple lines of evidence support the hypothesis that reducing radiation dose to pelvic BM, particularly functional BM subregions, is likely to be effective, this approach remains investigational. Barriers to the use of IG-BMS-IMRT include its higher cost and complexity, and paucity of prospective controlled evidence of its benefits relative to standard radiotherapy techniques.
Among the basic unanswered questions about IG-BMS-IMRT are which quantitative imaging technique(s), if any, should be used to identify the BM subregions for sparing, and how this information should be used specifically. A variety of methods have been investigated, including Tc-99m sulfur colloid single photon emission computed tomography (SPECT) [18] , FLT-PET [19] , FDG-PET [12, 15, 20] , and quantitative magnetic resonance imaging (MRI) [20] . FLT-PET is often assumed to be the best available method for functional BM imaging, however, few studies have directly compared alternative BM imaging techniques or formally quantified their differences. Compared to FDG, FLT is not as commonly available and is more expensive, which is why it would be important to know whether FDG can serve the clinical purpose as a reasonable and cost-effective substitute for FLT.
This study compares alternative BM imaging approaches for the purpose of guiding radiotherapy planning. Although we found significant overlap between FLT-PET and FDG-PET, FLT-PET is likely superior for BM-sparing strategies, by virtue of its higher interpatient consistency and tendency to identify a more highly concentrated BM subvolume. These findings add to evidence supporting FLT-PET over FDG-PET in treatment planning and assessing BM impairment outside of the radiotherapy field [25, 26] . In addition, the higher inter-patient consistency makes FLT-PET potentially more attractive for creating class solutions to define populationwide active BM regions for use when PET is unavailable [27] . However, FDG-PET-guided and FLT-PET-guided radiotherapy approaches remain potential strategies for both BM sparing and target delineation [25, 28, 29] .
A strength of this study was its homogeneous sample drawn from subjects with cervical cancer participating in prospective clinical trials, 9 of whom were co-imaged with FLT-PET and FDG-PET prior to treatment. The results, however, should be interpreted with caution, given the limited sample size, and might not be applicable to other pelvic malignancies or males. Uncertainty in localization of active BM due to insufficient spatial resolution, image co-registration errors, and daily setup errors are also factors that may limit the effectiveness of IG-BMS-IMRT. Nonetheless, ongoing prospective multi-center trials are testing the effectiveness of BM-sparing IMRT and should lend insights into the potential of this treatment approach.
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